We report theoretical cross sections for direct photoionization of specific rovibrationallevels of the B 1 ~u+ electronic state of H 2 • The calculated cross sections differ considerably from values recently determined by resonant enhanced multiphoton ionization (REMPI) studies. In an attempt to understand the disagreement, we analyze in detail the REMPI dynamics and find that the multi photon ionization probability is extremely sensitive to the spatial and temporal profiles of the laser pulses. Accurate characterization oflaser profiles and their jitter is therefore necessary for a comparison between theory and experiment.
INTRODUCTION
In recent years, resonant enhanced multiphoton ionization ( REMPI) coupled with photoelectron spectroscopy (PES) has become a highly sensitive technique for spectroscopic as well as dynamical studies. In addition to the observation of hitherto unknown excited states, several studies have illustrated important dynamical features such as the non-Franck-Condon behavior in ionic vibrational branching ratios, 1 · 2 propensity rules in ionic rotational branching ratios, 3 · 4 Rydberg-valance mixing and predissociation, 5 and strong final state selectivity. 6 REMPI processes are also being used for detection and characterization of species in unimolecular reactions 7 and desorption from surfaces. 8 In addition to the detection of new states, REMPI processes also offer the possibility of measuring photoionization cross sections for excited states. Often such studies probe the part of the photoelectron continuum inaccessible by single photon ionization out of the ground state. Moreover, extraction of absolute REMPI cross sections from measured ion/ electron signals requires the knowledge of the atomic/molecular densities in the interaction volume and the characteristics of the laser pulses used. Recent experiments in atomic 9 and molecular1o..-12 systems have circumvented these difficulties in measuring absolute particle densities by studying the saturation behavior of the REMPI signal as a function of the laser intensity. Furthermore, measured values of the cross sections for ionization out of the A 2~ + state of NO derived by this technique 10 were seen to be within a factor of 2 of subsequent theoretical studies. 13 In another, more recent, experiment Meier et a/. 11 reported cross sections for photoionization out of specific rovibrational levels of the B 1 ~u+ state of H 2 . These cross sections were extracted by observing the saturation behavior of the ion signal as the intensity of the ionizing laser is varied in their two color ( 1 + 1) REMPI experiment. We have calculated the relevant cross sections using ab initio electronic wave functions and our calculated values are compared with the measured ones 11 in Table I . The experimental values seem to be consistently lower than the theoretical numbers by about an order of magnitude.
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In an attempt to understand such a large discrepancy, we analyze the REMPI dynamics in detail using density matrix equations. Some limitations to the use of the rate equations in the analysis of Ref. 11 are discussed. In addition, we show that the REMPI signal is very sensitive to the spatial and temporal profiles of the laser. Proper analysis of the experimental data, therefore, requires a characterization of laser profiles and a subsequent incorporation of these into the dynamics. Laser characteristics for the experiment of Meier et a/. 11 are needed for further comparison between theory and experiment.
THEORETICAL CALCULATIONS
In this section we discuss the results of our calculations of the ionization probability for the two color ( 1 + 1 )
""' 
The parameters required for the analysis of the dynamics of this REM PI process are, the X -B transition moment, the decay rates out of the B state, and photoionization cross sections out of specific rotational-vibrational levels of the B state. We have used the X-B transition moments given by Wolniewicz 14 and vibrational wave functions obtained by the finite element method 15 using the potential curves of Sharp.
16 The spontaneous decay rate oftheB state is taken to be 1.85 X 10 9 s-
The electronic wave functions oftheB state at various internuclear separations (R) were calculated using the improved virtual orbital (IVO) technique 18 with sufficient number of diffuse functions included in the basis set. The resulting energies of the B 1 ~u+ state are within 5%-10% of the accurate values.
16 As an additional check on the quality of the wave functions, the X-B transition moments were calculated and agree with those ofWolniewicz 14 to within 7% up toR = 2.0 a.u. For larger R, the deviation between our values and the accurate ones increases because of the single configuration wave functions used by us. We believe, however, that for the vibrational states under consideration in the photoionization step, these largeR errors will play a less significant role in the averaged bound-free transition moments. For the bound-bound moments necessary for the REMPI dynamics, we have used the accurate values of Wolniewicz.
14
The photoelectron continuum wave functions were calculated within the frozen core Hartree-Fock approximation using the iterative Schwinger variational method. 19 Combining these with the B state wave functions, the photoionization dynamical coefficients were calculated. We explicitly included both the energy and R dependence of these dynamical coefficients in averaging over the vibrational wave functions.
2° Finally, the photoionization cross sections for ionization out of specific lv;, l;M;) levels of the B state are calculated using the detailed expression given in an earlier paper. 21 Since Meier et a/. 11 collected total ion signals, we have summed the cross sections over the symmetry allowed ionic rotational states and energetically allowed ionic vibrational states. The results are presented in Table I together with the experimentally deduced cross sections of Ref. 11 . The agreement between the length and the velocity forms of cross sections indicates that the single determinant description of the B state as well as of the photoelectron continuum is sufficiently accurate. Moreover, calculations similar to those outlined here (different rovibrational states and kinetic energies but same basis set) have yielded good agreement with measured ionic vibrational-rotational branching ratios. 22 This leads us to believe that, within our model, the theoretical cross sections quoted in Table I are fairly accurate.
As seen from Table I , there is clearly a disagreement between our calculated cross sections and the experimentally deduced values of Meier eta/. 11 The theoretical values are consistently higher than the experimental ones. Our calculations have not included autoionization. Although the influence of interference with competing autoionizing channels may account for the discrepancy for single rotational/vibrational levels, we feel that it is unlikely to explain the systematic differences observed. Several recent studies 23 -25 have demonstrated the sensitivity of REMPI signals to the dynamics and to the spatial-temporal characteristics of the laser employed. We believe that such effects could have influenced the results of Meier eta/. 11 In the following section we address these questions.
REMPI DYNAMICS
In the experiment of Meier et a/.
11 a low intensity laser was used for the X-B excitation while a (variable) high intensity laser was used to ionize the B state. The choice of frequencies and intensities eliminates the possibility of excitation by the high intensity laser and ionization by the low intensity one. Focusing on the case where both lasers were linearly polarized along the same direction, collision free conditions imply that the REMPI process originating from each IJoM 0 ) state forms an independent channel. The dynamics in each channel can be accurately described by the appropriate density matrix equations. These have been discussed by several authors and (3b) where~ is the electronic dipole moment operator, E 1 (t) is the field envelope of the exciting laser, and / 2 (t) is the intensity of the ionizing laser. Detailed expressions for u 0 the photoionization cross section, and the bound-bound dipole matrix element (OIWE 1 Ii) have been given in Ref. 21 . Both fl 0 ; and r; are M dependent quantities and, as such, the saturation behavior of each M 0 channel will be different. The total ionization probability is given by
Mo
We will discuss the effect of different saturation behavior of M channels in a later publication. For simplicity, here we will treat the P( 1) v 0 = 0 -V; = 3 excitation case where only one M channel (M 0 = 0) exists.
Under conditions when the time rate of change of p 01 and p 10 is small, p 10 and p 01 can be adiabatically eliminated from Eq. ( 2) and one can obtain two rate equations for p 00 andp 11 r;+a and w2 = r;. It is important to note that WI depends on w2. Equation ( 5) can be solved analytically for a uniform in ten· sity pulse turned on at t = 0 and off at rP and the ionization probability P = 1 -Pu -p 00 can be written as 25 It should be noted that such a decrease in the ion signal with increasing intensity will not arise in single color REMPI or when the two pulses do not overlap in time. The observation of a linear dependence of the inverse ion signal on the inverse of the ionizing pulse energy by Meier et a/. 11 then implies that the intensities used must correspond to r 1 <a. In the linear regime, where we have used the relation ~ =1 2 ·-rp·A (13) (14) between the ionizing laser pulse energy ~. its intensity / 2 , the (rectangular) pulse duration r P, and the (uniform intensity) beam cross section area A. A more careful analysis of the Taylor expansion of Eq. (7) will add a cOrrection term 20~1 to a 2 in the second term in Eq. ( 13). The cross section can be calculated from the intercept and the slope of the linear part of P -I vs E 2 -1 graph using
Note that the third factor, absent in the analysis of Ref. 11, reduces the apparent cross section by about a factor of 2.
In Fig. 1 , we compare the solution of the density matrix equations ( 2) with the solution of rate equations ( 5) for the v 1 = 3 P( 1) excitation. The molecular parameters were calculated as mentioned in the previous section. In relating E 2 to/ 2 in Eq. ( 14) we have used rP = 5 ns and A = 0.011Tmm 2 quoted in Ref. 11 . Both methods predict a linear regime for low~ and a diverging P-I for high E 2 . However, the slopes of the two linear parts are different. This is a result of 0 01 not being much smaller than a (0 01 = 2.5X 10 8 rad/s, a= 1.85 X 10 9 s-1 ). More interestingly, we see that the lin· ear regime exists for pulse energies less than 0.25 mJ or so, whereas Meier et al. 11 have observed linear behavior for ~ up to 2 mJ. This could be a result of using inaccurate values of A and rP and not incorporating the spatial and temporal profiles of the laser. For uniform pulses, Eq. (15) implies that for a given value of (intercept/slope), the smaller the value of A r P, the smaller the calculated cross section.
Since the actual temporal and spatial profiles of the lasers used have not been presented in Ref. 11 , we shall assess the influence of these on the dependence of the ionization probability on the ionizing laser pulse energy. For nonuniform pulses, analytical solutions are not possible and therefore we have numerically integrated Eq. (2) .
To discuss the effects of temporal pulse shape, we have integrated the density matrix equations ( 2) assuming Gaussian shaped exciting and ionizing pulses with FWHM = rP. The results are displayed in Fig. 2 where we have also illustrated situations where the exciting laser pulse peaks before the ionizing laser peaks ( +jitter) and where the ionizing pulse peaks before the exciting pulse ( -jitter). The jitter is fixed at ± 1 ns. 11 In reality, the jitter is probably a random variable changing from pulse to pulse in which case an averaging of P over the distribution of jitter has to be carried out. The ionization probability in the linear regime is seen to be more sensitive to the jitter than to the Gaussian nature of the pulse shape. Pulse shapes other than Gaussian would be expected to have a profound effect on the resulting ion signal. The spread between + and -jitters gives a measure of the uncertainty in the experimental measurements.
As for the effects of the spatial profile of the laser pulses, we find that a Gaussian spatial profile, as would be for a laser operating in a TEM 00 mode, has a minor effect on the ion signal. However, as discussed in a later publication, 12 the ionizing laser seems to have an Airy function dependence on the transverse radius in the far-field region, i.e., the energy contained in the central maximum ofEq.( 16) to that contained in a uniform distribution of the same radius, we find that the peak intensity (at x = 0) in Eq. (16) is about 4.38 times higher than the peak intensity for a uniform intensity pulse. The influence of spatial variation is included by averaging P[/ 2 (r)] over the distribution P=21r r·P[/2(r)]rdrlmv~, (17) where m 0 denotes the beam radius [taken to be the first zero ofEq. (16)]. TheresultsarepresentedinFig. 3. We see that an Airy function pulse is less efficient in ionization than a uniform pulse. This is because, although the intensity is much higher at the center, it is smaller than the uniform value over a larger area. The averaging is seen to reduce the slope and raise the intercept of the linear part. As in the case relating to the temporal profile, different spatial profiles will also have different effects on the averaged ion signal.
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Finally, we should mention that a uniform spatial profile has been assumed for the exciting laser in the above calculations. Inclusion of the actual profile of this laser will undoubtedly give rise to additional changes. Although the exciting laser in Ref. 11 was ten times wider than the ionizing laser, the perpendicular propagation configuration used in that experiment actually probes the complete profiles of both lasers. A co/ counter propagating geometry would make the broad exciting laser to appear to have a uniform profile.
CONCLUSIONS
We have presented photoionization cross sections for single-photon ionization of specific rovibrational levels of the B values seem to be consistently lower than our calculated ones for all the levels considered. Although we have not included effects of autoionization, it is unlikely that their incorporation will lower all the calculated cross sections ofT able I. On the other hand, we have shown through detailed dynamical calculations that the ion signal is very sensitive to the spatial and temporal profiles of the laser pulses and also to the jitter between the exciting and ionizing pulses. Lacking detailed information on these characteristics in the experiment by Meier eta/., 11 we have chosen examples to illustrate the sensitivity of the ion signal to these effects. Such information is essential for further comparison between theory and experiment.
